A general analysis of an aperture-coupled vertically mounted strip antenna is presented to examine its circuit characteristics. Based on the present analysis, an equivalent circuit model is developed, and an analytic or semi-analytic evaluation of the related circuit element values is described. The effects of structure parameters on the antenna characteristics were studied with the developed equivalent circuit, and the design curves were obtained. To check the validity of the proposed analysis and design theory, two C-band antennas (5.0 GHz and 4.5 GHz) were designed and fabricated. Their computed characteristics, derived from the proposed network analysis, were compared with the measurement and simulation results. The error of the current model in predicting the operating center frequency was less than 0.50 %. In addition, the observed bandwidth was found to be comparable to the conventional microstrip antennas. All the results fully validated the efficiency and accuracy of the proposed analysis and network model.
Ⅰ. Introduction
There has been increasing demand for microwave and millimeter-wave antenna configurations with efficient coupling and novel feed structures for better performance, easier fabrication, and design freedom. Aperturecoupling [1] and vertically mounted (VM) strip transmission line [2] are examples of two such configurations. Recently, an aperture-coupled VM slotline and aperture-coupled VM strip transmission line have been studied for feed of the tapered slot antenna [3] and new coupling structure [4] , respectively. In the former, the related coupling can be analyzed from the assumed aperture electric field and the related Green's functions. On the contrary, the coupling in the latter has been formulated with a strip current density and the related Green's functions, which are different to those of the former. Based on these studies, aperture-coupled VM strip circuits or antennas are expected to provide alternative or complementary solutions to the conventional approaches as well offering the advantages associated with aperture-coupling.
An aperture-coupled vertically mounted strip antenna (ACVMSA) is shown in Fig. 1(a) . Compared to a conventional dipole or patch, it is expected to yield a comparable or somewhat broader bandwidth with an elaborate design [5] . However the design was based on the equivalent circuit, developed with the help of a fullwave numerical simulator [6] .
Forming radiators on one or both sides of the VM substrate may also provide additional design flexibility. In addition, multiple sub-array plates can easily be plugged in and pulled out for overall array integration and maintenance ( Fig. 1(b) ).
In this paper, a general analysis of ACVMSA is presented to examine its circuit characteristics including input impedance and bandwidth. For this, an equivalent circuit model is developed using analytic and semi-analytic approaches to calculate the related circuit element values. Especially, the analytic evaluation of radiation loss and the fringing field effect at the end of the VM strip antenna are included. A parametric study was performed and the design curves were obtained. For the validation check of the proposed theory and the equivalent circuit developed, two C-band ACVMSAs were designed and their characteristics were compared with the measured and numerical simulation results. Some comparisons were also made between the characteristics of ACVMSA and conventional microstrip antenna.
Ⅱ. Antenna Geometry and Equivalent Circuit
As shown in Fig. 1(a) , the ACVMSA consists of a microstrip feed line, an aperture on the ground plane, and a VM strip on the dielectric substrate just above the ground plane. The terms L v and W v denote the length and width of the strip radiator, respectively, while Sv is the gap spacing between the VM strip and the ground plane, and L a and W a are, respectively, the length and width of the coupling aperture. Wm and Lm are the width of the microstrip feed line and the length of the open stub introduced for impedance matching, respectively. The substrate thickness and dielectric constant of the feed substrate are, respectively, denoted by hm and εrm, and for the VM substrate they are h v and ε rv , respectively.
A VM stripline is a transmission line whose signal line is vertically mounted, and for this reason the coupling between the VM stripline and the aperture can be modeled in a similar manner to a conventional microstripline and aperture [4] , [7] . The equivalent circuit of ACVMSA can therefore be represented as shown in Fig.   2 stripline, Y a is the aperture admittance at its center, and Z0m and βm are the characteristic impedance and phase constant of the microstrip feed line, respectively. The turns ratios of the upper and the lower ideal transformers are represented by nv and nm, respectively. Gr is the equivalent radiation conductance and ∆Lv is the effective extended line length accounting for the radiation and fringing field effect at the ends of the VM strip.
Contrary to our previous study [5] , where the equivalent circuit values were obtained by invoking numerical simulation [6] , analytic or semi-analytic (only a numeri-cal integration is involved) approaches are used in this paper for a simple and efficient calculation of equivalent circuit values. The circuit values nm, nv, and Ya can be calculated by the method described previously [4] , [7] .
The remaining work is to calculate Z 0v , β v , ∆L v , and Gr. Because a VM stripline can be regarded as half of the odd-mode coplanar strip (CPS) line, Z0v=Z0cps/2 and β v =β cps hold. Even though analytic and numerical methods have been applied to calculate Z0cps and βcps [8] , most studies focus on the narrow strip. For developing the equivalent circuit of ACVMSA, finding methods of analytic or semi-analytic calculation that can handle the wide strip is highly desirable. The Cohn's method based on the transverse-resonance technique [9] is adopted in this study with two modifications: in longitudinal direction, a strip resonator with perfect magnetic conductor (PMC) walls was considered instead of an aperture resonator with perfect electric conductor (PEC) walls, and in the transverse direction, the structure is open, not enclosed. Fig. 2(b) shows the VM strip resonator with PMC walls for calculating Z0v and βv. It is well known that X, the reactance at x=0 becomes zero at the resonant frequency f 0 . After finding L to satisfy X=0, the guide wavelength can be found as λg =2L, and βv is therefore given as
For a simple but accurate calculation of X, it is highly desirable to choose a closed-form function capable of closely approximating the current density of the CPS line. In this paper, only an x-component current density (
with
where a=Sv and b=Sv+Wv. The choice of A(x) and B(y) are known to yield good modeling results [7] , [4] . The signum function sgn(y) is introduced to represent an odd-mode distribution of current density. Because a VM strip is formed on a dielectric substrate, L for the resonance is smaller than half the wavelength in the free space. Therefore, only the evanescent mode is supported, and Z is expressed as
where P and Iv0 are, respectively, the complex power and root-mean-square value of the current flow at x=0. Considering the relation between VM strip and the odd-mode CPS lines, P=(1/2) P cps holds. The expression of complex power in the spectral domain in consideration of the symmetry of the integrand becomes
with k y ) , the spectral-domain Green's function of Ex for Jx, can be found with the spectral-domain immittance approach [10] , and given as
where Ztm and Zte are the input wave impedances for the TMz-and TEz-modes, respectively [4] . Even though B(y) in (4) is known to closely approximate the distribution of the current on the CPS line, unfortunately its Fourier transform is not available in a closed form. To circumvent this problem, the function in (4) is represented by a linear combination of the entire basis functions, whose Fourier transforms are available in closed formulas. Weighted Chebyshev polynomials are good candidates for this purpose, and the resulting expression of B (ky) was described previously [4] . Now P, which is given as a one-dimensional integral, can be evaluated numerically without difficulty, and βv can be determined as previously described. From another point of view, because the VM strip resonator with PMC walls can be modeled by two quarter-wavelength open stubs, which are connected in series as shown in Fig. 2(b) , Z can also be expressed as
Now the characteristic impedance Z 0v can be determined in terms of the reactance slope parameter, Xsp, as
In order to calculate ∆Lv and Gr, the PMC walls should be removed as shown in Fig. 2 
where
is the two-dimensional Fourier transform of the current density function. Now the integral (10) can be performed in the polar domain (k ρ and φ) with the following transformations, kx=kρ cosφ, and ky=kρ sinφ. Related numerical integration tips were described previously [11] . X =0 at the frequency of interest. Since L0 becomes smaller than λg/ 2 because of the effect of the fringing field, the following extended line length ∆L v0 can be introduced:
However, there is a need for slight compensation because of the y-component current flow around the open ends, which is different to the assumption. Due to this kind of phenomena, the path length of the current flow becomes slightly larger. This effect can be taken into account by numerical analysis, such as the method of moments or the finite-difference time-domain method. By comparing the data from the present theory and the numerical eigen-mode analysis [6] , the following compensation was found to be appropriate:
Last, the equivalent radiation conductance G r can be found from the calculated v in R by the well-known transmission-line analysis as .
The input impedance and operating bandwidth can be calculated by a network analysis of the developed equivalent circuit. The fractional bandwidth (FBW) of the antenna for the given reference voltage standing-wave ratio (S) can be estimated from its quality factor (Q) as [12] 
Even though many parameters affect the value of Q, such as radiation loss from VMSA and the aperture, and surface-wave, conductor, and dielectric losses, the radiation term of VMSA (Qr) is found to be dominant, that is, Q≅ Qr. From the developed equivalent circuit, Qr can be calculated as
Ⅲ. Design and Results
To validate the present theory, two C-band ACVMSAs were designed, one is Design A ( f0=5.0 GHz and FBW =1.7 %), and the other is Design B ( f 0 =4.5 GHz and FBW =3.0 %). At first, equivalent circuit values were calculated as a function of Wv for different Sv at f0=5.0 GHz and 4.5 GHz, and the derived design curves of G r and ∆Lv are shown in Fig. 3 . It is found that both increase with Wv and Sv. From the obtained Gr, the corresponding fractional bandwidth was calculated, and is displayed in Fig. 4 . Because of the structural difference between ACVMSA and aperture-coupled microstrip patch antenna (ACMPA), it is debatable whether a direct comparison of their characteristics should be made. Nevertheless, it is observed that FBW of 0.5～7.5 % with Sv=0.5～2.0 mm and W v =2.0～8.0 mm is comparable to that of ACMPA. It is expected that broader bandwidth can be Based on the design curves in Fig. 4 , W v =4.00 mm and Sv=1.00 mm were chosen for Design A, and Wv=6 mm and Sv=1.5 mm for Design B. The remaining structure parameters were determined with the help of optimization based on circuit simulation, and the results are displayed in Table 1 . The related circuit values, except for β v , were found to be nearly constant as a function of frequency, as shown in Table 2 . In contrast, βv nearly became a linear function of frequency, and it became 117.19 and 102.89 (rad/m) at f 0 =5.0 GHz (Design A) and 4.5 GHz (Design B), respectively. Using these cir- cuit values, the characteristics of the reflection coefficient were computed and are shown in Fig. 5 . For comparison, the designed antennas were fabricated (only the antenna for Design A is shown in Fig. 6 ) and their characteristics were measured. As shown in the figure, good agreement was observed with an error of 0.50 % and 0.44 % for Designs A and B, respectively, in pre-dicting the operating center frequency. The measured FBWs were 1.97 % and 3.23 % for Designs A and B, respectively, which are very close to the design values.
Ⅳ. Conclusions
The general theory of ACVMSA was presented for studying the circuit characteristics. An equivalent circuit model was developed, and the related circuit element values were calculated both in an analytical and a semianalytical manner. For the efficient design of the antenna, the design curves were also presented. For the validation check of the present analysis and the design theory, two C-band ACVMSAs were designed based on the obtained design curves, and were optimally tuned with the circuit analysis. The computed reflection coefficients were compared with the measured and simulation results, and reasonable agreements were observed with an error of less than 0.5 % in predicting the operating center frequency. The measured FBWs were 1.97 % and 3.23 % for Designs A and B, respectively, which are very close to the design values. All the results show the validity of the design theory and the usefulness of the proposed equivalent circuit model. Future work will focus on studying the radiation characteristics of ACV-MSA such as beamwidth, directivity, and front-to-back ratio.
